Background--Left ventricular (LV) involvement is common in arrhythmogenic right ventricular cardiomyopathy (ARVC). We aim to evaluate LV involvement in ARVC patients by cardiovascular magnetic resonance feature tracking.
A rrhythmogenic right ventricular cardiomyopathy (ARVC)
is an inherited cardiomyopathy characterized by progressive fibro-fatty myocardial replacement, ventricular tachycardia, and ventricular dysfunction, preferentially affecting the right ventricle (RV). 1 However, left ventricular (LV) involvement has been increasingly recognized across a broad spectrum of ARVC severity. 2 Detection of LV involvement is of clinical importance because the presence of biventricular dysfunction was reported to be a stronger predictor of adverse outcomes including sudden cardiac death and heart failure than isolated RV disease. 3 Cardiac magnetic resonance (CMR) plays a prominent role in the diagnosis of ARVC because of its unique capability in the detection of fibro-fatty tissue by late gadolinium enhancement (LGE) and high reproducibility in the assessment of biventricular morphology and function. 4 Left ventricular ejection fraction (LVEF) is a widely used parameter in clinical practice although it has been proven to be an insensitive marker of regional systolic dysfunction. 5 Currently, LV strain analysis by CMR feature-tracking (CMR-FT) has been introduced for the quantitative evaluation of global and regional myocardial contraction. 6 Recent studies suggest a potential role of stain analysis in early detection and objective quantification of contractile abnormalities in a variety of cardiovascular diseases. [7] [8] [9] [10] Therefore, we aimed to investigate the diagnostic value of this novel technique for detection of LV involvement in ARVC patients with or without preserved LVEF, and to evaluate their relationships with LV myocardial LGE and RV dysfunction.
Methods
The data, analytic methods, and study materials will be made available to other researchers upon reasonable request.
Study Population
This study was approved by hospital institutional review board and informed consents were acquired in all subjects. From January 2016 to July 2017, 75 consecutive ARVC patients were prospectively enrolled in this study. All patients underwent systemic clinical evaluation and CMR examinations. According to the revised Task Force Criteria, the diagnosis of ARVC was made when 2 major, or 1 major plus 2 minor, or 4 minor criteria from different categories were present. 11 Seven patients were excluded from further analyses because of inadequate image quality. Finally, a total of 68 patients with ARVC were included. Thirty ageand sex-matched healthy subjects were recruited as controls.
CMR Imaging Protocol
CMR imaging was performed on a 3-T scanner (Discovery MR750, GE Healthcare, Milwaukee, USA) with a phasedarray cardiovascular coil, using electrocardiographic and respiratory gating. The protocol mainly consisted of: (1) cine imaging; (2) fat imaging; (3) first-pass perfusion imaging; and (4) LGE imaging. The average acquisition time was %40 minutes. All images were acquired with breath holding. Cine images were acquired in 3 long-axis views (LV 2chamber, 4-chamber, and LV outflow tract) and series of short-axis planes covering the entire LV using balanced steady state free precession sequence (b-SSFP). Typical imaging parameters were: field of view=3209320 mm, matrix=1929224, repetition time (TR)=3.3 ms, echo time (TE)=1.7 ms, flip angle=50°, temporal resolution=46 to 60 ms, slice thickness=8 mm, slice gap=2 mm. Fat-suppressed and non-fat-suppressed fast spin-echo sequences were applied in the LV short-axis views with doubleinversion recovery blood suppression pulses. Typical imaging parameters were: field of view=3209320 mm, matrix=1929224, TR=1 to 2 R-R intervals, TE=10 ms, slice thickness=8 mm, slice gap=2 mm. The LGE images were obtained 10 to 15 minutes after intravenous administration of gadolinium-DTPA (Magnevist, Bayer, Berlin, Germany) at a dose of 0.2 mmol/kg, using a segmented phase-sensitive inversion recovery Turbo Fast Low Angle Shot sequence at the same position as cine images in end diastole. Typical imaging parameters were: field of view=3809320 mm, matrix=2569162, TR=8.6 ms, TE=3.36 ms, flip angle=25°, slice thickness=8 mm, slice gap=2 mm, nominal TI=300 to 350 ms.
CMR Analysis
All CMR images were analyzed using CVI42 (version 5.0, Circle Cardiovascular Imaging Inc., Calgary, Canada) by 2 radiologists with 8-and 10-year experience of CMR imaging, respectively. The endocardial and epicardial contours of LV myocardium were manually traced at end-diastole and end-systole on short-axis b-SSFP cine images. Papillary muscles were excluded from volumes. Cardiac volumetric and functional parameters, including left/right ventricular end-diastolic volume, left/right ventricular end-systolic volume, and left/right ventricular
Clinical Perspective
What Is New?
• This is the first study to apply cardiovascular magnetic resonance feature tracking (CMR-FT) to assess left ventricular (LV) dysfunction and its association with late gadolinium enhancement in arrhythmogenic right ventricular cardiomyopathy patients with preserved LV ejection fraction (LVEF). • Impaired LV global and regional peak strain could be detected by CMR-FT in arrhythmogenic right ventricular cardiomyopathy patients with preserved LVEF. • LV dysfunction detected by CMR-FT was associated with LV myocardial late gadolinium enhancement and right ventricular deformation mechanics.
What Are the Clinical Implications?
• Findings of this study indicate that CMR-FT provides a novel method for the evaluation of the global and regional myocardial contraction and could be more sensitive to detect early LV dysfunction than LVEF in arrhythmogenic right ventricular cardiomyopathy patients. • LV global and regional dysfunction detected by CMR-FT was associated with late gadolinium enhancement and RV dysfunction. Since the presence of biventricular dysfunction was a stronger predictor of adverse outcomes than isolated right ventricular diseases, the early detection of LV involvement by CMR-FT could be of clinical significance in risk stratification of arrhythmogenic right ventricular cardiomyopathy patients with preserved LVEF. ejection fraction (LVEF/RVEF), were automatically generated. All the volumetric parameters were indexed to body surface area. The presence of LGE in LV myocardium was visually analyzed using the American Heart Association 
Myocardial Strain Analysis by CMR-FT
The CMR-FT analysis was performed on the acquired b-SSFP cine images using CVI42 (Version 5.0). For right ventricle (RV), the endo-and epicardial contours of RV free wall in 4-chamber and short-axis cine images were manually drawn at end-diastole with subsequent automatic tracking throughout the cardiac cycle. The RV global peak strain (PS) in radial, circumferential and longitudinal directions were analyzed, respectively. The basis of LV strain algorithms has been previously described and their validity has been demonstrated. 12, 13 Briefly, a set of cine images in short-axis and three longaxis views (2-chamber, 4-chamber, and LV outflow tract) were loaded into the feature tracking module. All endocardial and epicardial borders of LV at end-diastole were manually delineated ( Figure 1 ) with subsequent automatic tracking throughout the cardiac cycle. The quality of automatic tracking was checked and manually adjusted if needed. After defining the RV insertion points within the LV in short-axis images, the LV global and regional (basal, mid and apical) PS in radial, circumferential and longitudinal mode were automatically derived by the software. The LV segmental strain parameters were also provided according to the American Heart Association 16-segment model. The algorithm of LV regional PS was based on the average PS values of its corresponding segments. Lengthening or thickening of LV myocardium was defined as positive value (radial strain), while shortening or thinning was defined as negative value (circumferential and longitudinal strain). 14 
Reproducibility Analysis
For the assessment of the inter-observer and intra-observer reproducibility, a randomly selected set of 20 ARVC patients were assessed by two experienced investigators. The same subjects were assessed by each investigator independently for inter-observer analysis. To determine the intra-observer variability, the measurement was repeated by one of the investigators 1 month later.
Statistical Analysis
Continuous variables were given as meanAESD or median values with interquartile range depending on normality of the variables. Categorical variables were presented as percentages. Comparisons for continuous data were performed using Student t-test or one-way ANOVA. Categorical variables were compared using the chi-square test or Fisher exact test. Correlations were assessed by the Pearson or Spearman rank correlation coefficient. Receiver operating characteristics analysis was used to define the optimal cut-off values. The intraclass correlation coefficient was used to assess the interand intra-observer variability. All statistical analyses were conducted by using a statistical software package SPSS, Version 24.0 (IBM, SPSS Statistics). A 2-tailed P<0.05 was considered statistically significant.
Results

Baseline Characteristics
There were 68 ARVC patients (mean age 39.28AE13.88 years, 45 men) and 30 healthy controls (mean age 40.20AE 12.42 years, 17 men) in this study. The ARVC patients were further divided into 2 subgroups: the preserved LVEF group (LVEF ≥55%, n=27) and the reduced LVEF group (LVEF <55%, n=41). The baseline characteristics of the study population were presented in Table 1 . No significant differences were observed in terms of baseline characteristics among 3 groups.
Conventional CMR Parameters
Compared with the controls, right ventricular end-diastolic volume index and right ventricular end-systolic volume index were significantly higher whereas RVEF was remarkably lower in ARVC patients (all P<0.05) ( Table 1 ). The reduced LVEF group showed significantly lower LVEF and larger left ventricular end-systolic volume index (all P<0.05) than the controls, while no significant differences were observed in the preserved LVEF group. In contrast, the preserved LVEF group had the lowest left ventricular enddiastolic volume index compared with ARVC patients with LVEF <55% and the controls (P=0.002). LGE was present in 46 (67%) of the 68 ARVC patients, and the reduced LVEF group showed higher prevalence of LGE (95.10% versus 63.00%, P=0.002) than the preserved LVEF group. The mean number of LGE-positive segments per patient was 4.44AE2.53, and there was no significant difference between these 2 subgroups (4.78AE2.79 versus 3.57AE1.45, P=0.053) (Table 1) . Besides, LGE was most frequently detected in the LV mid anteroseptal segments (n=21; 31%) ( Figure 2 ).
Global and Regional Strain Analysis by CMR-FT
ARVC patients showed significantly reduced RV global longitudinal, circumferential and radial PS than those of the controls (all P<0.05). Compared with the controls, the LV global and regional PS were all significantly impaired in the reduced LVEF group (all P<0.05). However, only LV global longitudinal PS as well as mid and apical longitudinal PS were impaired in the preserved LVEF group (all P<0.05) ( Table 2) . Among LV strain parameters, the receiver operating characteristic curve analysis demonstrated that LV global longitudinal PS (cut off value: À13.60%, sensitivity: 73.53%, specificity: 80%, area under curve: 0.822), longitudinal PS at apical (cut off value: À15.22%, sensitivity: 80.88%, specificity: 85%, area under curve: 0.836) and mid-level (cut off value: À16.67%, sensitivity: 67.65%, specificity: 95%, area under curve: 0.820) were all good discriminators between ARVC patients and controls (Figure 3 ).
Association Between LV Strain and LGE
Representative cases of LV segmental strain and LGE according to American Heart Association 16-segment model among 3 groups were shown in Figure 4 . LV segments with LGE (n=185) showed impaired LV radial, circumferential, and longitudinal PS in ARVC patients than those without LGE (n=903) (all P<0.001). In the preserved LVEF group, LV segments with LGE had significantly reduced LV radial PS (33.15AE20.42%, n=46) compared with segments without LGE (41.25AE15.98%, n=386) (P=0.016) ( Table 3 ).
Association of Biventricular Strain Parameters
In this study, no significant correlations were observed between RVEF and LV strain parameters. However, RV global radial PS moderately correlated with LV global longitudinal PS (r=À0.47, P<0.001), longitudinal PS at mid (r=À0.47, P<0.001) and apical (r=À0.49, P<0.001) level, respectively.
Intra-Observer and Inter-Observer Variability
The intraclass correlation coefficients of the global strain parameters for both ventricles and LV regional PS were summarized in Table 4 . All the strain parameters showed good to excellent inter-observer (0.851-0.915) and intraobserver (0.876-0.947) agreement.
Discussion
The main findings of this study were as follows: (1) CMR-FT could detect impaired LV global and regional longitudinal PS in ARVC patients with preserved LVEF; (2) LV radial PS was reduced in segments with LGE compared with those without LGE in ARVC patients with preserved LVEF; (3) Impaired LV strain was associated with RV deformation mechanics in ARVC patients.
Myocardial Strain Derived by CMR-FT
Myocardial deformation is a sensitive marker of myocardial dysfunction in a broad of cardiovascular diseases. 9, 10, 15, 16 CMR-FT is a rapidly emerging approach for quantification of global and regional myocardial deformation. Several studies have validated its accuracy against CMR tagging or echocardiographic speckle tracking. 17, 18 The major advantages of CMR-FT are that it can be applied to routine cine CMR images and the post-processing analysis is relatively easy. Preliminary studies have confirmed the feasibility of this technique for evaluation of LV myocardial strain. 19, 20 All the strain parameters showed good to excellent inter-observer and intra-observer reproducibility, which was consistent with previous studies. 21, 22 
LV Strain of ARVC Patients With Preserved LVEF
Genotype/phenotype studies have demonstrated that ARVC, which was initially described as an isolated or predominant RV disease, may exhibit frequent LV involvement. 2,23 Regional dysfunction because of patchy fibro-fatty displacement may occur before the onset of global changes. Recently, Mast et al found that only 16% of ARVC patients had reduced LVEF, whereas 55% had reduced strain derived by echocardiographic speckle tracking. 24 Similarly, in our study, abnormal global and regional LV longitudinal strain were found to be significantly impaired in ARVC patients with preserved LVEF, implying that minor LV systolic dysfunction could be identified by CMR-FT before the presence of LVEF reduction. LV apical longitudinal strain outperformed LVEF to be the best marker for early detection of LV involvement. These findings suggested that regional strain analysis was potentially more sensitive than global strain for detection of minor LV involvement. This was theoretically supported by previous reports, that ARVC begins as a regional rather than a global disease. 2, 25 In short, LV strain is more sensitive than LVEF in detecting early LV involvement and may complement the conventional parameters for comprehensive evaluation of ARVC.
Association Between LV Strain and LGE
In accordance with previous studies, 4, 23 LGE in LV myocardium was frequently detected in ARVC patients, even in those with preserved LVEF. Unlike other cardiomyopathies (eg hypertrophic cardiomyopathy) in which LGE mainly represents myocardial fibrosis, 26 LGE positive area in ARVC could also be the consequence of fibro-fatty change. In addition, we found that the LV segments with LGE showed impaired radial, circumferential and longitudinal strain in ARVC patients compared with those without LGE. However, only radial strain was significantly reduced in LGE-positive segments in the preserved LVEF group. This was conceivable because radial strain was appreciated to be more representative of the outer fibers of LV myocardium. 5 Besides, LGE was frequently observed without visual wall motion abnormality assessed by conventional echocardiographic or CMR. 27 The possible explanation was, in contrast to objective quantification by regional strain analysis, the diagnosis of visual wall motion abnormality was more subjective and dependent on personal expertise with significant inter-observer variability. 15 Thus, mild regional abnormalities were likely to be overlooked.
Association of Biventricular Strain Parameters
RV-LV coupling has already been recognized in selected populations. 28, 29 In this study, RV global radial strain parameters were significantly associated with LV global and regional longitudinal PS, indicating that in addition to LGE, the impaired RV mechanics may also contribute to LV dysfunction in patients with ARVC. There were several limitations in this study. Firstly, the sample size of the current study cohort was relatively small; further validation of our results in studies containing large numbers of patients might be warranted. Secondly, a direct comparison between CMR-FT and CMR tagging, which has been considered as the reference standard of myocardial strain analysis, was not feasible because the tagging sequence was not included in the present study protocol. Thirdly, the lack of longterm follow-up data prevented definite conclusion of prognostic value of LV strain analysis in ARVC patients.
Conclusions
CMR-FT could detect impaired LV global and regional deformation in ARVC patients with preserved LVEF. The LV dysfunction could be associated with LV fibro-fatty replacement and RV dysfunction.
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